Electroluminescence at an emission power of over 0.4 mW is achieved at an emission wavelength of 1.6 m using a p-Si/ ␤-FeSi 2 / n-Si double-heterostructure light-emitting diode. This emission power is obtained at room temperature under current injection of 460 mA, corresponding to an external quantum efficiency of approximately 0.1%. Photoluminescence and time-resolved photoluminescence measurements for devices with different thicknesses of ␤-FeSi 2 indicate that radiative recombination rate increased as the thickness of the ␤-FeSi 2 active layer is increased.
Silicon photonics has attracted considerable attention in recent years. One of the most important components in Si photonics is the silicon-based light emitter. Extensive studies have been carried out on Si-based light emitting materials such as SiGe, porous Si, nanocrystalline Si, erbium-doped Si, and others. 1 We have been paying special attention to semiconducting ␤-FeSi 2 as a promising material for use in silicon-based light emitters and photodetectors operating at a wavelength of approximately 1.5 m. [2] [3] [4] This material has a very large optical absorption coefficient of greater than 10 5 cm −1 at 1 eV ͑Ref. 5͒ and a band gap of approximately 0.78 eV. 6 There have been several reports on the room temperature ͑RT͒ electroluminescence ͑EL͒ of various types of ␤-FeSi 2 formed under different growth regimes such as ionbeam synthesis ͑IBS͒, sputtering, reactive deposition epitaxy ͑RDE͒, and molecular beam epitaxy ͑MBE͒. [7] [8] [9] [10] [11] However, the EL intensity achieved for ␤-FeSi 2 to date has been very low, and the emission power and quantum efficiency of this material have yet to be reported. These two figures of merit are indispensable when comparing the EL properties of various silicon-based light emitters. In a recent study, the authors found that the 1.6 m EL intensity of the ␤-FeSi 2 emitter can be enhanced by increasing the thickness of the ␤-FeSi 2 active layer in a p-Si/ ␤-FeSi 2 / n-Si ͑SFS͒ doubleheterostructure ͑DH͒ light-emitting diode ͑LED͒, achieving performance values of 60 W emission power under 500 mA current injection. This value corresponds to an external quantum efficiency of 0.016%, for a device with a 200-nmthick ␤-FeSi 2 layer. 4 In the present study, the mechanism responsible for the performance enhancement with increasing ␤-FeSi 2 layer thickness is investigated through photoluminescence ͑PL͒ and time-resolved PL ͑TR-PL͒ measurements, and devices capable of emission power of more than 0.4 mW and quantum efficiency of approximately 0.12% are demonstrated.
The growth procedure employed for the preparation of SFS DH LEDs is the same as that adopted previously. 4 Briefly, a 20-nm-thick highly ͓110͔/͓101͔-oriented ␤-FeSi 2 epitaxial template was formed at 650°C by RDE of iron onto a hot 4-m-thick n + -type epitaxial Si layers on floatingzone ͑FZ͒ Si͑111͒ substrate ͑carrier concentration, 10 19 / 10 13 cm −3 ͒. 12 High-resistive FZ-Si substrates were used instead of low-resistive Czochralski Si substrates to prevent the grown films from oxygen contaminations. 8 Iron and silicon were then coevaporated by MBE onto the template at 750°C to form a continuous ␤-FeSi 2 film. 13 The total thickness of the ␤-FeSi 2 film was varied among samples in a range from 80 nm to 1 m. A 1-m-thick undoped p-Si layer was then grown on the ␤-FeSi 2 by MBE at 500°C, followed by annealing at 800°C under N 2 for 14 h. Samples were prepared for EL measurements by growing an additional boron-doped p + -Si layer with a hole concentration of approximately 10 19 cm −3 at 700°C, followed by the formation of a 1.5 mm 2 mesa structure by wet chemical etching. The Ohmic contacts were formed on the p + -Si and n + -Si layers from both the surface side. The wet chemical etching for the mesa isolation down to the 4-m-thick n + -Si layers caused thinning of the Si layers, resulting in a large series resistance as described later. PL measurements were performed by the standard lock-in technique using a He-Cd laser ͑442 nm͒ and a liquid-nitrogen-cooled InP/InGaAs photomultiplier ͑PMT͒ ͑R5509-72, Hamamatsu Photonics, Japan͒. EL spectra were measured using the InP/InGaAs PMT. TR-PL measurements were performed using a timecorrelated single-photon counting setup. 13 The emission power of the LEDs was measured in a face-to-face configuration using a Ge optical power meter ͑1815-C, Newport, USA͒. Figure 1͑a͒ shows the EL emission power with respect to injection current I for SFS LEDs with ␤-FeSi 2 layer thicknesses of 80nm, 200 nm, and 1 m operating at RT. With increasing ␤-FeSi 2 thickness, the emission power increased and the injection current necessary for EL output decreased. The EL emission peak was approximately 1.6 m at RT as shown by a typical example of the temperature dependence of EL spectra at I = 45 mA. Figure 1͑b͒ shows a RT EL spectrum for the LED with a 200-nm-thick ␤-FeSi 2 layer at I = 400 mA. The asymmetric spectrum is attributed to the fact that the quantum efficiency of the detector ͑InP/InGaAs PMT͒ decreased for wavelengths beyond 1.6 m. The voltage drop at I = 400 mA was approximately 4 V for all the samples, which was mainly attributed to a series resistance R s as discussed below. The EL spectra of LEDs were reproducible and were not obtained under reverse bias conditions. Thus, the contribution of thermal radiation due to the heating at the series resistance to the measured spectra was negligibly small. It should be noted that actual current flowing in an LED ͑I LED ͒ differs from measured I due to circuit parameters of R s and a parallel resistance ͑shunt͒ R sh . By considering the equivalent circuit shown in Fig. 1͑c͒ , the I LED is given by I LED = I − ͑V − R s I͒ / R sh in the presence of parasitic resistances. These circuit parameters may give rise to the shift of threshold current for EL output shown in Fig. 1͑a͒ . In order to investigate the influence of R s and R sh on I LED , R s and R sh were deduced using the slope of the I͑dV / dI͒ versus I plot for large I and dV / dI at around V = 0. Figure 1͑c͒ shows one example of the I͑dV / dI͒ versus I plot obtained for the LED with a 200-nm-thick ␤-FeSi 2 layer. The I-V characteristics of the diode were well fitted when the R s and R sh were 13 and 64 ⍀, respectively. These parasitic resistances were also deduced for the other two LEDs. It was found that the R s and R sh were in a range of 10-13 and 60-100 ⍀, respectively, and thus the shift of threshold current and enhancement of emission power shown in Fig. 1͑a͒ cannot be explained by the variations in R s and R sh . We next calculated the external quantum efficiency ext . Emission power of 0.42 mW was achieved for the LED with a 1-m-thick ␤-FeSi 2 layer, at an injection current of 460 mA ͑current density, 20 A / cm 2 ͒. 
where P opt is the emission power, h is the photon energy, and q is the elementary charge. Next, we discuss the mechanism responsible for the performance enhancement with increasing ␤-FeSi 2 layer thickness through PL and TR-PL measurements. All the samples have a PL peak wavelength of approximately 1.54 m at low temperatures. Figure 2 shows the normalized temperature dependence of integrated PL intensity of 1.54 m emission from SFS DH with ␤-FeSi 2 thicknesses of 80, 200, and 400 nm. As can be seen, there was a difference in thermal quenching properties among the three samples. At a given temperature, the PL intensity increases with increasing ␤-FeSi 2 layer thickness, indicating that a radiative recombination rate in ␤-FeSi 2 increased with ␤-FeSi 2 thickness. However, we should note that defect-related D1 luminescence also corresponds to the same 1.54 m emissions. [15] [16] [17] [18] [19] Therefore, the D1 luminescence must be subtracted from the 1.54 m emissions in order to analyze the luminescence of ␤-FeSi 2 . Luminescence of ␤-FeSi 2 can be distinguished from a D1 line by TR-PL measurement because there is a significant difference in decay time between them. In our previous studies, we found that the decay curve obtained from highquality SFS structures was fitted well to one exponential decay curve with a decay time of approximately 10-20 ns at low temperatures. 15 On the other hand, the decay curve obtained from defective SFS structures needed another decay component with a decay time of longer than 0.1 s. The decay times of longer than 0.1 s have been reported on ␤-FeSi 2 precipitates embedded in Si by IBS. 20 The origin of the short decay time and that of the long decay time are considered to be recombination in ␤-FeSi 2 and D1 luminescence in Si. 15 Figure 3͑a͒ shows the temperature dependence of PL decay curves of the 1.54 m emission from the SFS DH with a 400-nm-thick ␤-FeSi 2 layer. The decay curves can be fitted well by the sum of two exponentials as
Here, I fast and I slow are the PL intensities of the components with decay times of fast and slow , respectively. For example, the experimental curve for 8 K is well reproduced using fast and slow parameters of 12 and 108 ns, respectively. Although other components with different decay times may also be present, it can at least be stated that the two components are dominant and explain the observed relationship well. Figure  3͑b͒ shows the PL decay time versus temperature plots for SFS DH with ␤-FeSi 2 thicknesses of 80, 200, and 400 nm.
All of the present samples showed the two discrete decay times over the entire temperature range. Now that I fast , I slow , fast , and slow are obtained, the temperature dependence of PL intensity ratio of a fast component due to ␤-FeSi 2 , I fast fast , to a slow component due to defects, I slow slow , can be deduced using
͑3͒
Here, I PL cw ͑T͒ is the integrated PL intensity in a continuouswave measurement at a given temperature T. Figure 4 shows the temperature dependence of the PL intensity ratio of I fast fast to I slow slow for SFS DH with different ␤-FeSi 2 thicknesses. Note that the luminescence ratio of ␤-FeSi 2 was found to increase with increasing ␤-FeSi 2 thickness and temperature. The normalized temperature dependence of integrated PL intensity of 1.54 m emission of ␤-FeSi 2 is thus derived as shown in the inset of Fig. 4 . Thus, it can be stated that the radiative recombination rate in ␤-FeSi 2 increased with increasing ␤-FeSi 2 thickness, giving rise to enhanced luminescence, as shown in Fig. 1͑a͒ . We think that a certain amount of defects working as nonradiative recombination centers exist at the ␤-FeSi 2 / Si heterointerfaces, and nonradiative recombination there is mostly caused by the lattice mismatch between the two materials. The lattice mismatch is estimated to be approximately 5.5% for ␤-FeSi 2 on Si͑111͒. 21 This value is high enough to result in a relatively high density of defects at the interface, giving rise to the D1 line. On the basis of these discussions, we conclude that the separation of injected carriers in ␤-FeSi 2 from the defective Si/ ␤-FeSi 2 heterointerfaces improved the luminescence intensity in ␤-FeSi 2 as the thickness of the ␤-FeSi 2 layer increased. The influence of defective heterointerfaces on the luminescence has already been reported in GaAlAs/GaAs/ GaAlAs heterointerfaces. 22 In summary, 1.6 m EL at an emission power of over 0.4 mW and external quantum efficiency of approximately 0.1% was demonstrated at RT in SFS DH LEDs. The influence of ␤-FeSi 2 thickness on PL intensity and PL decay time was also discussed.
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